INTRODUCTION
To maintain an optimal environment for neuronal signaling within the brain, waste products must be eliminated, and extracellular ionic concentrations and fluid levels efficiently regulated (Plog and Nedergaard, 2018) . The glia-lymphatic (glymphatic) system removes solutes, such as lactate (Lundgaard et al., 2017) , amyloid β (Aβ) (Iliff et al., 2012) , and tau , via perivascular transport in the CNS. Astrocytes extend vascular processes, the so-called endfeet, which ensheath 60%-90% of the cerebral vasculature (Korogod et al., 2015; Mathiisen et al., 2010; Nagelhus and Ottersen, 2013) and play an instrumental role in ion buffering and homeostasis (Schreiner et al., 2015) . Glymphatic clearance is dependent on aquaporin-4 (AQP4) water channels located in astrocytic vascular endfeet (Nielsen et al., 1997) for exchange of solutes between the cerebrospinal fluid (CSF) and interstitial fluid (Iliff et al., 2012; Mestre et al., 2018) .
Glymphatic function is perturbed in old age, and loss of glym-phatic function in Aqp4 knockout mice accelerates Aβ plaque formation and cognitive dysfunction in the APP/PS1 Alzheimer's disease mouse model (Xu et al., 2015) , suggesting that lack of glymphatic function renders the brain susceptible to the accumulation of neurotoxic substances. The existence of a glymphatic system in human brain has been demonstrated by the brain-wide dispersion of contrast agent in CSF following intrathecal administration (Ringstad et al., 2018) . Consistent with findings from animal studies, detailing approximately 10-fold higher glymphatic activity in the sleep state than the awake state (Xie et al., 2013) , acute sleep deprivation increases the Aβ load in the human brain (Shokri-Kojori et al., 2018) , thus substantiating a role for perivascular transport of solutes in the human brain. AQP4 polarization to vascular endfeet is used as a surrogate marker of glymphatic function, and loss of AQP4 polarization has been detected in Alzheimer's disease patients (Zeppenfeld et al., 2017) , corroborating the findings of animal studies.
The anatomical pathways for the glymphatic system are the perivascular spaces, which at leptomeningeal vessels are fluid-filled spaces and in parenchymal vessels consisting of highly organized extracellular matrix, enriched in collagen IV and laminin, of which many are produced by pericytes (Bell et al., 2010; Vanlandewijck et al., 2018) and the specialized fibroblasts located within the brain's perivascular space (Vanlandewijck et al., 2018) . We here hypothesize that PDGF-B signaling, crucial for the development of pericytes and vascular smooth muscle cells (Hellström et al., 1999; Lindahl et al., 1997) , is crucial also for glymphatic function because of its regulation of the perivascular environment. Pericytes may play an important role in blood-brain barrier (BBB) formation during development by inducing the expression of tight junction proteins by the endothelial cells, including zonula occludens-1 and occluding (Bell et al., 2010; Daneman et al., 2010) , and thereby efficiently separating the perivascular space from the circulation. We used a developmental approach to understand how and when glymphatic function is established in mice. We found that glymphatic function depends on establishment of astrocyte endfeet and their polarized expression of AQP4 during development. We also report regional differences in the developmental profile of glymphatic fluid transport, with perivascular influx appearing first in the hippocampus in newborn mice. Using the platelet-derived growth factor B (PDGF-B) retention motif knockout mouse line Pdgfb ret/ret (Lindblom et al., 2003) , a critical role of PDGF-B for glymphatic function was established. Reduction in PDGF-B availability was associated with pericyte deficiency, loss of AQP4 polarization, and suppression of glymphatic activity.
RESULTS

The Glymphatic System Is Not Developed in Embryonic Day 17.5 Embryos
To assess glymphatic function in E17.5 mice, CSF tracers (dextran-fluorescein isothiocyanate [FITC] [3 kDa] and ovalbumin [OA]-647 [45 kDa]) were slowly infused into the cisterna magna in utero ( Figure 1A ). The tracer sizes used here are not permeable to the distribution of tracers in the embryonic brain resembled a pattern largely consistent with diffusion, with the greatest fluorescence intensity localized to regions in closer proximity to the site of infusion, primarily the mid . No CSF tracer movement was observed in the cortex of intact embryos ( Figure 1B) , whereas ex vivo imaging of the whole brains showed some accumulation of 45 kDa OA-647 tracer along the posterior communicating artery of the circle of Willis ( Figure 1C ). Perivascular distribution of tracer was absent in the dorsal and ventral cortex, apart from the partial distribution at circle of Willis.
Regional Influx Patterns Differ through Development
We then assessed CSF accessibility to the brain at increasing postnatal ages by injecting CSF tracers into the cisterna magna compartment. Examination of the ventral aspect of whole postnatal day (P) 1 brains revealed perivascular tracer distribution along the posterior communicating artery, middle cerebral artery, and anterior cerebral artery in addition to the medial orbitofrontal arteries (Dorr et al., 2007) , from which the larger tracer (45 kDa OA) reached the piriform cortex caudal to the olfactory bulb ( Figure S1 ). In contrast, the smaller tracer (3 kDa dextran) exhibited only minimal perivascular association, possibly because of diffusion of the tracer directly into the penetrable, immature tissue with a 36%-46% extracellular space volume (Lehmenkühler et al., 1993) . Perivascular influx ceased before the first branchpoint of the MCAs, and tracer was not visible in the dorsal parts of the cortex ( Figure 1D ). Interestingly, the hippocampus was the only area that exhibited tracer penetration into the parenchyma in newborn mice ( Figures 1D, 1E , and 1H).
Imaging of the ventral side of P7 brains showed that the perivascular influx followed the basilar artery and the circle of Willis to the MCAs ( Figure S1 ). Coronal brain slices exhibited a gradient of parenchymal tracer influx from piriform to insular to neocortex, with the highest intensity in the piriform cortex and very low tracer intensity in the most dorsal parts of the neocortex ( Figures 1D and 1F ). Robust CSF tracer intensity appeared in the olfactory bulb at P7, a major CSF clearance pathway (Figure 1D ). Thus, in 1-week-old mice, tracer influx resembled adult perivascular tracer distribution in hippocampus, piriform cortex, and olfactory bulb parts, but not the most dorsal parts, of the neocortex ( Figures 1D and 1F ). Robust tracer influx into the hippocampus persisted throughout all ages (Figures 1E and 1I) . Surprisingly, perivascular influx in multiple brain regions, including dorsal cortex and thalamus, was first robustly developed at P14, at which point the pattern of tracer distribution resembled the pattern of tracer penetration in adult mice ( Figures 1D, 1G , and 1J) (Iliff et al., 2012; Kress et al., 2014) .
Quantifications of CSF penetration confirmed that there was twice as much CSF tracer in the hippocampus as the cortex in newborn mice (3 kDa dextran tracer, p = 0.02; 45 kDa OA tracer, p = 0.015; N = 5) ( Figures 1K and 1L ). In P7, P14, and adult mice, there was no difference in parenchymal intensity of CSF tracers within the hippocampus, thalamus, and striatum compared with that of cortex for all three age groups (p > 0.05, ANOVA).
Changes in CSF Tracer Flow Patterns during Postnatal Development
To map the dynamic pattern of perivascular CSF tracer influx, in real time we injected tracers into the CSF of the cisterna magna and imaged the anesthetized mice through the intact skull . In P1 mice, in vivo imaging showed slow tracer influx primarily into the hindbrain, while the cortex and the olfactory bulb were almost devoid of tracer influx (Figures 2A and 2B) . In P7 mice, tracers were still predominantly detectable in the hind-and midbrain and cerebellum, with little influx in cortex and olfactory bulb at 60 min after tracer infusion ( Figures 2C and 2D ) (p < 0.001 for both tracers). In contrast to P1 mice, transport of tracer was observed along the perivascular spaces of the MCAs in the ventral to dorsal direction in P7 mice (Figures 2A and 2B ). P14 mice differed from P7 mice in that perivascular influx along MCAs was more rapid and robust. In P14 mice, the rise in mean fluorescence intensity of CSF tracer in cortex, cerebellum, and olfactory bulb was similar throughout the course of in vivo imaging ( Figures 2C and 2D ). Transcranial macroscopic imaging of adult mice through an intact skull showed essentially the same pattern of tracer movement as the P14 mice: fast perivascular influx into the neocortex via MCAs, with mean fluorescence intensity being the same for cortex, cerebellum, and olfactory bulb (Figures 2A-2D ). These observations show that although perivascular CSF pathways are present at P7, they are not fully functional. By contrast, CSF tracer distribution in P14 mice was comparable with that in adult mice, and in vivo imaging of perivascular influx at superficial blood vessels showed no difference in the relative distribution between cerebellum, cortex, and olfactory bulb (p > 0.05 for both P14-P15 and adult, two-way ANOVA) ( Figures 2C and 2D ).
Notably, in vivo imaging and brain slice imaging demonstrated that CSF tracers consistently traveled to, and intensely localized around and within, the olfactory bulb (Figures 1 and 2) , which is significant in that this region is directly coupled to the perineural and nasal lymphatic efflux routes through which CSF exits the cranial cavity (Johnston et al., 2004; Kida et al., 1993) .
Development of the Glymphatic System Is Dependent on Astrocytic Vascular Endfeet and AQP4 Polarization
In the adult brain, astrocytic AQP4 water channels are anchored specifically at the plasma membrane in the vascular endfeet, in this context called polarization of AQP4. The luminal facing surface of the vascular endfeet exhibits many fold higher AQP4 expression than the soma and perisynaptic astrocytic processes (Nagelhus et al., 1998) . AQP4 water channels in astrocytic endfeet facilitate trans-membrane water flux, and genetic deletion of these channels has been shown to be associated with a 40% reduction in the efficiency of glymphatic exchange of solutes in adult mice (Iliff et al., 2012; Mestre et al., 2018) . During aging, the loss of perivascular polarization of AQP4 channels correlates with reduced parenchymal CSF tracer penetration (Kress et al., 2014) . To understand the mechanism responsible for targeted CSF influx to the hippocampus soon after birth, we expanded on previous developmental analyses of AQP4 by analyzing the subcellular localization of AQP4 during development (Lunde et al., 2015) .
We analyzed AQP4 polarization to the vascular endfeet (Kress et al., 2014) by taking the ratio of AQP4 immunofluorescence signal at the vascular endfeet divided by the parenchymal signal in cortex and hippocampus in developing mice. At P1, AQP4 was distributed throughout the cortex in a diffuse manner and not localized to blood vessels, as in P7, P14, and adult mice ( Figure 3A ). At P1, AQP4 was more polarized in the stratum lacunosum and stratum moleculare regions of the hippocampus than in the cortex (p = 0.007) ( Figures 3A-3C) , correlating with the fact that perivascular tracer influx is restricted to the hippocampus in P1 mice ( Figures 1E and 1H) . Similarly, AQP4 polarization in the hippocampus of P7 mice was significantly higher than in the cortex (p = 0.003). In P14 mice, AQP4 polarization was comparable in the cortex and hippocampus. In adult mice, AQP4 polarization was higher in the cortex than in the hippocampus ( Figures 3A-3C) . In adult mice, AQP4 is expressed only by astrocytes, but during development radial glial cells also express AQP4 (El-Khoury et al., 2006) . The majority of astrocytes developed postnatally arise from radial glial cells , and it is possible that radial glial cells are included in the AQP4 polarization measurements at P1 and P7.
We then used GLT1-eGFP astrocyte reporter mice (Regan et al., 2007) to evaluate the establishment of defined perivascular spaces. In the cortex of P1 pups, very few eGFP + cells were noted along the lectin-stained blood vessels. Although some eGFP + processes were in contact with the vasculature, the astrocytes were rounded and exhibited few processes and were devoid of endfeet morphology ( Figure 3D ). The earliest examples of a clear lining of the vasculature by GLT1-eGFP + astrocytes were found at P7 and became very prominent in P14 and adult mice, consistent with previous reports (Lunde et al., 2015; Nielsen et al., 1997) .
In order to further confirm the AQP4 polarization results throughout development we measured the AQP4 content in isolated cerebral vasculature and parenchyma using western blotting. Cerebral blood vessels contain astrocytic endfeet that are tethered to the vasculature, and thus a vessel isolation approach constitutes an entirely un-biased approach (Boulay et al., 2015; Roberts et al., 2008) . Measured using western blotting, the AQP4 content in the parenchymal fraction remained low throughout the different developmental ages . In the cortex, polarization of AQP4 to the vascular fraction was established at P14 and persisted in adulthood (Figures 3E, 3F, S2A, and S2B) . Similarly, higher AQP4 content was found in the vessel isolated fraction compared with the parenchymal fraction in the hippocampus of P14 and adult mice ( Figures 3G, 3H , S2C, and S2D). Finally, we analyzed the regional level AQP4 expression and compared with CSF tracer distribution. The highly vascularized stratum lacunosum and stratum moleculare regions of the hippocampus exhibited the highest levels of AQP4 expression at P1 (Figures 4A and 4B) . The AQP4 immunofluorescence signal was also strong in the fimbriae and the part of the latero-dorsal thalamic nuclei facing the ventricle, mirroring the tracer influx at P1 (Figures 4C and 4D ). AQP4 immuno-intensity was highest at the pial surface of the ventral brain; lower in the thalamus, hypothalamus and piriform cortex; and negligible in the neocortex ( Figure 4A ).
In P7 mice the dorsal cortex of the brain reached the same level of AQP4 expression as the ventral side, but AQP4 immunofluorescence signal was higher in the hippocampus and the olfactory bulb, brain stem, and cerebellum ( Figures 4E-4G ). The AQP4 expression correlated with tracer influx in the hippocampus and emergence of tracer distribution to the olfactory bulb (Figures 1 and 4H-4J ). In the cerebellum, AQP4 seemed to be concentrated in the white matter and in the Purkinje cell layer at P7 ( Figure 4G ), and this also correlated with tracer influx ( Figure 4J ).
In adult mice, there was a surge in AQP4 expression compared with P7 ( Figure 4K ), and this overall increase correlates with the more robust brain-wide perivascular influx in adult mice (Iliff et al., 2012; Kress et al., 2014; Rangroo Thrane et al., 2013; Xie et al., 2013) . Exceptionally high levels of AQP4 expression were found at the olfactory bulb and in the cerebellum (Figures 4L and 4M) . Consistent with closure of the recess between the cortical fold and the midbrain between P1 and P7, the tracer influx in the hippocampus was concentrated only around large arteries and was not visible on all brain slices ( Figure 4N ). The tracer distribution at the olfactory bulb ( Figure 4O ) was consistent with a high AQP4 expression and fits with the fact that the cribriform plate, via the olfactory bulb, constitute a major exit route for CSF (Bradbury and Westrop, 1983; Johnston et al., 2004) . In the cerebellum, the main change in AQP4 expression from P7 to adult was the increase in expression in the molecular layer (Figures 4G and 4L) , consistent with the literature (Wen et al., 1999) .
In summary, the developmental profile of AQP4 expression exhibits a ventral-to-dorsal gradient, as does glymphatic tracer influx. Also, the early polarized expression of AQP4 in the hippocampus is accompanied by robust influx of CSF tracers.
Perivascular Solute Transport Is Inhibited in PDGF-B-Deficient Mice
Pericytes emerge early in embryonic development, and several lines of work show that pericytes play a critical role in the formation and maturation of the BBB and thus the separation of the perivascular compartment from the plasma (Armulik et al., 2010; Daneman et al., 2010) . Located in the perivascular space, pericytes express and secrete a number of extracellular matrix components that are known cell adhesion molecules, such as laminins and collagens (Armulik et al., 2010; Bell et al., 2010; Vanlandewijck et al., 2018) . Because recruitment of pericytes to the perivascular compartment is regulated by the availability of PDGF-B signaling (Lindahl et al., 1997) , we investigated perivascular transport of CSFinjected tracers in a mouse model with a reduced number of pericytes, the PDGF-B retention motif knockout mice Pdgfb ret/ret . PDGF-B signaling is decreased in this mouse model because of deletion of an amino acid sequence that mediates binding of PDGF-B to heparan sulfate proteoglycans and its retention in the extracellular space (Lindblom et al., 2003) .
In vivo imaging of adult mice revealed a severely delayed or incomplete CSF tracer influx at the perivascular spaces of pial arteries of the cortex of Pdgfb ret/ret mice compared with wild-type (WT) mice ( Figures 5A and 5B ). Somewhat surprisingly, tracer influx was suppressed also in Pdgfb ret/+ mice, although less than in Pdgfb ret/ret mice ( Figures 5A and 5B ). To better quantitatively assess these differences, we used threshold-defined front-tracking software to analyze the speed of peri-arterial CSF influx (Nevins and Kelley, 2017) . Also, this analysis showed a significantly slower movement of CSF tracer in Pdgfb ret/ret compared with WT mice ( Figures 5C and 5D ).
We next assessed distribution of 45 kDa OA and 3 kDa FITC tracers in Pdgfb ret mice during postnatal development. Reduction in PDGF-B led to a decreased influx of both tracers in the hippocampus at P1 in Pdgfb ret/+ (Figures 5E-5J ). The main difference at P7 was a higher level of tracer influx in hippocampus in Pdgfb ret/+ mice, resembling a delayed high influx in the hippocampus, which is observed in WT mice at a more immature stage ( Figures 5K-5P) . At P14, when cortical influx has become robust in WT mice, there was a significant decrease in influx of 45 kDa OA-Alexa Fluor 647 in the cortex (Figures 5Q-5V) . Imaging of brain slices of adult Pdgfb ret/ret and Pdgfb ret/+ mice confirmed the reduction in parenchymal CSF tracer penetration compared with WT mice (Figures 5W and 5X) . In line with the in vivo imaging and front-tracking analysis ( Figures 5A-5E ), the mean intensity and percentage tracer penetration of CSF tracers OA-Alexa Fluor 647 (OA) (45 kDa) and FITC-dextran (3 kDa) were reduced in the cortex of adult Pdgfb ret/ret mice compared with WT mice (p < 0.01 for both tracers; Figures 5Y-5AB), suggesting that PDGF-B is crucial for development of the glymphatic system in the cortex in particular.
Reduction of PDGF-B Signaling Causes Pericyte Deficiency and AQP4 Mislocation
PDGF-B is an essential growth factor for the development of pericytes (Lindahl et al., 1997) . We therefore quantified that pericyte density in the Pdgfb ret/+ and Pdgfb ret/ret mice.
Consistent with previous reports for pericyte coverage of cerebral blood vessels in these mice (Armulik et al., 2010) , pericyte density was reduced by 91.5% ± 2.0% in the cortex of adult Pdgfb ret/ret mice (p < 0.0001) (Figures 6A and 6B) . Our analysis revealed a 66.0% ± 6.8% reduction of pericyte density in the Pdgfb ret/+ mice (p < 0.0001) (Figures 6A and 6B) . These data show functional abnormalities in Pdgfb ret/+ mice, indicating that two WT copies are needed for optimal function of PDGF-B and pericyte recruitment. Interestingly, in the Pdgfb ret/ret mice, but not in the Pdgfb ret/+ mice, 62.5% ± 13.9% (p = 0.0006) of the pericytes' cell bodies lacked a close spatial relationship with AQP4-positive blood vessel branches, but often extended processes that wrapped around AQP4-positive blood vessels ( Figure 6C ). The mean intensity of AQP4 staining in the Pdgfb ret/+ and Pdgfb ret/ret mice was found to be reduced by 42.5% ± 4.5% (p = 0.0001) and 36.5% ± 4.9% (p = 0.0064) in the cortex, respectively ( Figure 6D ). Similar reduction in pericyte density, pericytes' association with blood vessels, and overall AQP4 immunofluorescent signal were found in the hippocampus of Pdgfb ret/+ and Pdgfb ret/ret mice ( Figures 6E-6H ).
Pericytes express laminin α2 and agrin (Vanlandewijck et al., 2018) , both of which bind to α-dystroglycan, which connects to α-syntrophin and dystrophin as part of an anchoring complex (dystrophin-associated protein complex [DAPC] ) for AQP4 in the astrocyte endfeet (Neely et al., 2001; Wolburg et al., 2011) . We therefore investigated the polarization of AQP4 in the Pdgfb ret mouse strain. In the cortex of Pdgfb ret/+ and Pdgfb ret/ret mice, AQP4 polarization toward the vasculature and away from parenchymal processes (polarization index) was reduced by 18.3% ± 2.8% and 37.6% ± 3.5%, respectively (p < 0.0001 for both genotypes). Polarization in the hippocampus was reduced by 17.4% ± 3.7% and 33.8% ± 3.3%, respectively (p < 0.0001 for Pdgfb ret/ret , p < 0.01 for Pdgfb ret/+ ) ( Figures 6I-6N ). The redistribution of AQP4 from the astrocyte endfeet to the cell bodies in adult Pdgfb ret/ret mice thus mimicked what distribution pattern we observed for early postnatal ages.
In order to complement the immunohistochemical analysis of perivascular AQP4, we assessed AQP4 protein expression in cerebral vessel isolations and parenchyma separated from the same brain homogenates using western blotting. The results revealed no difference in parenchymal AQP4 content per mg protein in the heterozygous or homozygous Pdgfb ret mice compared with WT mice (Figures 6O-6Q , S3A, and S3B). However, in both cortex and hippocampus, there was significantly higher AQP4 protein expression in the vascular fraction compared with the parenchymal fraction in both the WT and the Pdgfb ret/wt mice but not in the Pdgfb ret/ret mice, indicating that polarization of AQP4 to the vascular endfeet was perturbed in when PDGF-B signaling is reduced ( Figures 6O-6Q ).
Thus, using two independent methods, our results showed that AQP4 polarization to the vasculature depends on the availability of PDGF-B, both for the cortex and for the hippocampus.
DISCUSSION
Fluid transport in perivascular pathways has been implicated in clearance of solutes and proteins from the brain (Iliff et al., 2012; Lundgaard et al., 2017; Mestre et al., 2018; Xie et al., 2013) but has been sparsely studied in development (Di Palma et al., 2018) . A recent MRI study demonstrated that the glymphatic system is developed by P90, although statistical significance was not indicated between P28 and P90 (Di Palma et al., 2018) . Because of the resolution limitations of MRI, our study adds a characterization of perivascular CSF influx in early postnatal ages. We show that perivascular solute transport displays initial signs of development at the arterial circle of Willis at E17.5, starts in the hippocampal parenchyma in newborn mice, and then develops in a ventral-to-dorsal manner, reaching the superficial dorsal cortex in P7 mice, and becomes mature by P14 ( Figure 7A ). Our data confirm that perivascular CSF influx depends AQP4 expression, particularly AQP4 polarization to the astrocytic endfeet in the developing brain ( Figure 7B ). We measured AQP4 polarization both using immunohistochemistry and by comparing protein analysis in cerebral vessel isolation and parenchymal fractions. Both methods were able to detect robust polarization of AQP4 at P14 and in adult mice, whereas only immunohistochemistry was able to detect polarization in P1 and P7 mice. Remarkably, we found that the glymphatic system is strikingly sensitive to the amount and localization of PDGF-B signaling.
In this study, we used two tracers, FITC-dextran (3 kDa) and OA-Alexa 647 (45 kDa), which are both negatively charged but of different molecular weights. Studies have shown that both hydrophobic and hydrophilic tracers are transported in the perivascular space (Rangroo Thrane et al., 2013) , but the importance of molecular shape and positive versus negative charge remains to be explored. It cannot be ruled out that the degree of tracer penetration is affected by molecular shape and charge more so than the molecular weight.
Our results show that perivascular solute transport emerges surprisingly late in development compared with maturation of the individual cell types ( Figure 7C ). For CSF to be transported from the subarachnoid space into perivascular pathways, CSF must be produced by the choroid plexus, the BBB formed, and astrocytic endfeet containing AQP4 channels developed, prior to establishment of glymphatic transport. Choroid plexus epithelium exists as early as embryonic day 14 (E14) (Sturrock, 1979) , and already at E15, key solute carriers are expressed by the choroid plexus epithelial cells (Saunders et al., 2012) , suggesting that CSF production starts at this time in embryonic development. Exclusion of large bloodborne tracers has been observed as early as E15.5 and indicates that the BBB also is developed around the same time, although trans-endothelial resistance in subarachnoid blood vessels is far below adult levels until E21 (Ben-Zvi et al., 2014; Butt et al., 1990; Daneman et al., 2010; Saunders et al., 2012 Saunders et al., , 2016 , and barrier functions change with time until adulthood (Whish et al., 2015) . Pericytes appear in synchrony with endothelial cells and migrate to newly formed capillaries orchestrated by PDGF-B signaling by endothelial cells (Lindahl et al., 1997) . Pericytes may play an important role in stabilization of the BBB formed by the endothelial cells (Daneman et al., 2010) and thus in models in which PDGF-B signaling is compromised could potentially be confounded by a potential disruption of the BBB. Astrocytes are generated at a modest tempo starting at ~E18 in mice and grow more rapidly in number postnatally until the second postnatal week , by which time astrocytic endfeet ensheath the vasculature efficiently and AQP4 is concentrated at the endfeet. Our results thus confirm and extend the notion that astrocytes and endfoot polarization of AQP4 is crucial for perivascular solute transport (Iliff et al., 2012; Mestre et al., 2018) , even during development.
The meningeal lymphatic system develops in a similar pattern as the glymphatic system, starting at foramen magnum at the base of the skull around P0, reaching halfway up the middle meningeal artery, a meningeal artery following an anatomically similar pathway to the MCA, along the lateral aspect of the brain, by P8 (Antila et al., 2017) . The last part of the meningeal lymphatics to develop are located in proximity to the superior sagittal sinus, developing in the most posterior parts by P20, 1 week after the glymphatic system is fully developed in the dorsal cortex (Antila et al., 2017) . The close temporal and spatial association between the glymphatic system and the meningeal lymphatic system suggests that glymphatic clearance and the meningeal lymphatic system are part of the same pathway for effective removal of solutes from the brain (Aspelund et al., 2015; Louveau et al., 2015) , in addition to the route via the cribriform plate (Bradbury and Westrop, 1983; Johnston et al., 2004; Kida et al., 1993; Mollanji et al., 2002; Silver et al., 2002) .
Interestingly, the first brain region to receive robust influx of CSF tracers was the hippocampus. The highest rate of postnatal hippocampal neurogenesis occurs between P0 and P7, when the glymphatic system is predominantly reaching the hippocampus, and this coincides with a peak in the protein content in CSF that occurs at P0 (Dziegielewska et al., 1981) . The major source of thyroxine in the brain is transported from the blood to the CNS across the choroid plexus (Dickson et al., 1987) , and the hippocampus is particularly vulnerable to postnatal lack of thyroid hormone (Madeira et al., 1992) . Combining these facts with the finding that CSF transport is targeted to the hippocampus in early postnatal development suggests a role for the glymphatic system in delivery of thyroxine and possible other critical factors to the hippocampus in early postnatal development.
Knockout of the Pdgfb gene is embryonically lethal (Levéen et al., 1994) , but the viable Pdgfb ret/ret mouse line carrying a deletion of the PDGF-B retention domain made it possible to study the consequences of impaired PDGF-B signaling for postnatal glymphatic development. PDGF-B signals via PDGF receptor-beta, which is expressed by brain pericytes at all stages of development (Jung et al., 2018) , and this signaling is crucial for recruitment of pericytes to the brain vasculature (Hellström et al., 1999; Lindahl et al., 1997) . Pdgfb ret/ret mice, which despite a large reduction in pericyte density (Lindblom et al., 2003) survive into adulthood, permit the analysis of the consequences of pericyte loss for brain function. Prior to the discovery of the glymphatic system, it was noted that aberrant pericyte expression resulted in abnormal AQP4 expression around cortical blood vessels (Armulik et al., 2010) . Using immunohistochemistry and western blot of vessel isolations, we confirmed the reduced polarization of AQP4 to vascular endfeet. In addition, we found that Pdgfb ret/ret mice fail to develop proper glymphatic function, first detectable in the hippocampus at P1 and in the cortex at P14, the latter persisting into adulthood. This indicates that pericytes, a cell type in the CNS relying heavily on PDGF-B signaling (Lindahl et al., 1997 ), might play a major role in the development of the glymphatic system, though it cannot be ruled out that the effects are mediated by vascular smooth muscle cells expressing PDGF receptor-beta (PDGFRb) (Hellström et al., 1999) or fibroblast-like perivascular cells via PDGF-B signaling to PDGF receptor-alpha (PDGFRα) (Bostrom et al., 2002; Vanlandewijck et al., 2018) or disruption of the BBB (Daneman et al., 2010) . PDGF-B is thus a growth factor associated with development of glymphatic function. Future studies detailing the molecular interactions between pericytes and astrocytes are important for understanding the development of the glymphatic system and will likely also provide insight into why glymphatic flow declines in aging and why so many neurological diseases negatively affect glymphatic function Gaberel et al., 2014; Goulay et al., 2017; Iliff et al., 2014; Jiang et al., 2017; Kress et al., 2014; Peng et al., 2016; Schain et al., 2017; Wang et al., 2017) .
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EXPERIMENTAL MODEL & SUBJECT DETAILS
Wild-type C57BL/6 mice were purchased from Jackson (USA) or Taconic (Europe) and BAC eGFP-GLT1 mice (Regan et al., 2007) and Pdgfb ret/ret mice (Lindblom et al., 2003) were used. Mice were housed according to University of Rochester regulations and compliant with the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC) standards. The experiments were approved by University of Rochester Institutional Animal Care and Use Committee. For the experiments carried out at Lund University, all procedures were approved by the local ethical committee for the use of laboratory animals and the Swedish Department of Agriculture (Jordbruksverket). The transgenic mouse strains were backcrossed with C57BL/6 ca. every 9 th generation. The mice were kept in a pathogen-free environment with a 12:12 h light/dark cycle, and access to standard diet and water ad libitum. Male and female mice were used with a distribution of 45%-55% of each gender in the groups. Some mice were used for E17.5, postnatal day (P) 0-1 (referred to as P1), P 7-8 (referred to as P7), P 14-15 (referred to as P14) or when adult (minimum P56). The weight of the brains was: 156.1 ± 0.008, 390.0 ± 0.01, 486.0 ± 0.008 and 601.4 ± 0.01 mg for P1, P7, P8, P14 and adult mice.
METHOD DETAILS
Anesthesia-Since injectable anesthesia is not feasible for newborn mice, isoflurane anesthesia was used for all ages. Anesthesia was induced using 5% isoflurane in 2L/min O 2 for neonates and at 2.5% isoflurane in 2L/min O 2 for all other postnatal age groups. The maintenance dose was kept between 2%-2.5% isoflurane in 2L/min O 2 while closely observing respiration.
Intracisternal tracer infusion procedure-Alexa-647 conjugated OA (45 kDa, OA-45 kDa, ThermoFischer) and FITC-conjugated lysine-fixable 3 kDa dextran (dextran-3 kDa, ThermoFischer) were used. Tracers were injected in a concentration of 2%. The volumes injected were 1 μL for P1 mice and P7, 2 μL for P14 mice and 5 μL for adult mice. The injection time was 10 min for all mice and rate of injection adjusted accordingly. Mice were anesthetized. An incision in the skin was made to expose the dorsal part of the skull and connective tissue layers were removed to expose the dura covering the cisterna magna. Mice were imaged through intact skull. Intracisternal co-infusion of fluorescent tracers (dextran-3kDa and OA-45kDa) into the cisterna magna was performed with a Harvard apparatus pump using a 50 μl Hamilton syringe with polyethylene tube (I.D. 0.28mm) and a 30G needle. After 60 min circulation time decapitation was performed, followed by quick removal of the brain to be immersion fixed in 4% paraformaldehyde (PFA) overnight.
Embryonic tracer infusion and imaging-Experiments were performed on E17.5. The pregnant female mouse was anesthetized with isoflurane in 2 L O 2 /min (5% isoflurane for induction then 2%-3% during the procedure). The body temperature, oxygenation, heart rhythm and temperature (maintained at 37°C) were monitored throughout the procedure to maintain normal blood perfusion to the embryos. A caesarian section was used to expose the embryos. Embryos were kept moist while outside of the abdomen. One at a time embryos were positioned, and the cisterna magna injection site was found using a light source. Freehand injection with a glass needle (80 μm external diameter; 60 μm internal diameter) allowed a total volume of 1μl fluorescent tracer mix into the CSF. The injection rate was 0.1 μL/min. 20min-1hr later the whole embryos were immersion-fixed in 4% PFA and whole embryos and brains of embryos were imaged using an Olympus MVX10 microscope with 0.8X magnification.
In vivo tracer influx imaging-Tracer influx was imaged using an Olympus MVX10 microscope with 1.6X magnification. Images were acquired every minute for a period of 60 minutes using Metamorph Basic software.
Immunohistochemisty and lectin labeling-Free-floating 100 μm brain sections were blocked for 1hr at room temperature in solution of 7% Donkey Serum and 0.3% Triton in PBS. Primary antibodies (rabbit anti-AQP4, 1:500, MerckMillipore; mouse anti-GLUT1, 1:350, Abcam; rat anti-PDGFRb, 1:100, eBioscience clone APB5) in 1% normal donkey serum and 0.1% triton in PBS were then applied and incubated on a rocking table over night at room temperature. The brain sections were washed in PBS 3×10 min before secondary antibodies (Alexa Fluor 488-, 568-and 647-conjugated secondary antibodies, Thermofischer, 1:500) were applied. Brain slices were incubated for 2 hours on a rocking table at room temperature and washed in PBS before mounting.
Paraffin sections (4 μm thick) were deparaffinized and rehydrated following standard protocols and prepared for immuno-detection of aquaporin-4 (AQP4). After antigen retrieval (10 min. boiling in citrate buffer, pH 6), blocking for endogenous peroxidase activity (H 2 O 2 for 15 min), and non-specific binding (10% normal goat serum), sections were incubated overnight at 4°C with the primary antibody polyclonal rabbit anti-human AQP4 (Aviva Systems Biology, OABB01958), 1:3000. Primary antibodies were detected by using the DakoCytomation EnVision+DualLink System, Peroxidase (DAB+), code System with peroxidase and DAB (code K5007). Sections were counter-stained with Mayers hematoxylin, dehydrated in graded alcohols and coverslipped with Pertex mounting medium (Liddelow et al., 2013) . Control sections in which one of the antibodies was omitted or a non-immune rabbit serum was used always appeared blank. Positive controls included staining of tissue known to be immunoreactive for AQP4, such as kidney.
Evaluation of endfeet was performed on BAC GLT1-eGFP mice (Regan et al., 2007) . P1 and P7 mice were anesthetized with 5% isoflurane in 2L/min O 2 while P14 and adult mice were anesthetized with ketamine-xylazine (120 mg/mL, 12 mg/mL, intraperitoneally). P1, P7, P15, and adult mice were transcardially perfusion with PBS then 1, 2, 2 and 5 μL of 150 μg/mL AlexaFluor 594-conjugated weat germ agglutinin lectin, respectively. Following the lectin perfusion the mice were perfused with 4% PFA and sectioned in 100μm on a Leica VTS100 vibratome.
Immunohistochemistry and lectin angiography were imaged using a confocal scanning microscope attached to an inverted microscope (IX81, Olympus) controlled by Olympus Fluoview 500 software.
Isolation of cerebral blood vessels-All steps were carried out on ice or at 4°C. Cortices and hippocampi were dissected from freshly isolated brains in HBSS buffer containing 20 mM HEPES (pH 7.4). Cerebral cortices and hippocampi were minced with a razor blade and homogenized by multiple strokes of a 10 mL syringe with a spinal needle (25G) for 60 s. Homogenate from each rat brain tissue was centrifuged at 2000 × g for 10 min, and the cloudy supernatant was collected as a parenchymal homogenate. The loose pellet was resuspended in 18% 500 kDa dextran (T-500, Pharmacia) in HBSS buffer containing 20 mM HEPES and centrifuged at 4,400 × g for 15 min. The resulting floating myelin-rich layer and dextran supernatant were decanted, the inside wall of the tube was blotted with an absorbent paper to remove all residual fluids and the microvessel pellet was resuspended in HBSS containing 20 mM HEPES. The previously isolated parenchymal supernatant was then centrifuged at 4,400 × g for 15 min at 4°C and the vessel pellet was mechanically grinded using a Micro-tissue grinder (Carl Roth) during multiple freeze-thaw cycles and underwent a third centrifugation at 4,400 × g for 10 min at 4°C and microvessel pellets were stored at −80°C until used for protein extraction. For adult mice, one brain per sample was used, and minimum 3 brains were pooled to yield one sample of P14, P7, P1 mice.
Western blotting-Protein concentration was determined by PIERCE BCA protein assay (Fisher Scientific). Samples were heated for 10 min at 95°C in sample buffer (2.0ml 1M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% 14.7 M β-mercaptoethanol 12.5mM EDTA, 0.02% bromophenol blue). Proteins were then separated on 12% Bis-acrylamid mini gels containing 0.1% 2,2,2-Trichloroethanol for subsequent visualization of protein loading using a Chemidoc MP imaging system (Biorad). Following protein transfer onto PVDF membranes (Biorad), transfer efficiency was checked using a Chemidoc MP imaging system (Biorad). The membranes were blocked for 60 min in 1% bovine serum albumin (in phosphate-buffered saline containing 1% Tween 20 (PBST); 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.76mM K2HPO4; pH 7.4) and sequentially incubated with the primary and secondary antibodies. A 1:1000 dilution for the primary antibody (rabbit anti-AQP4, Chemicon, as used for immunostainings; mouse anti-β-tubulin, Sigma Aldrich), and 1:10,000 for the HRP-labeled secondary antibody (anti-rabbit and anti-mouse IgG, Cell Signaling) were utilized. All antibodies were diluted in 1% bovine serum albumin in PBST.
QUANTIFICATION AND STATISTICAL ANALYSES
AQP4 polarization analysis-The polarization of AQP4 along vessels in tissue was quantified in cortex and hippocampus (Kress et al., 2014; Lundgaard et al., 2018) . Blood vessels were selected at random on confocal images and marked cross-sectionally using the line plot tool in ImageJ to include AQP4 signal from vascular endfeet and from the surrounding parenchyma. The average vessel to average parenchyma fluorescence intensity ratio was used as a measure of AQP4 vascular polarization to vascular endfeet. The polarization was also measured using western blotting of vascular isolations.
In vivo tracer influx quantification-Quantification of the influx into different regions was done with ImageJ software. The mean fluorescence intensity was measured for the regions of interest (ROI), including cortex, hindbrain in P1 or cerebellum in P7 and older, and olfactory bulb. Mean fluorescent pixel intensities in ROIs were normalized to the area with the highest mean fluorescence intensity for each animal.
Western blotting-A standard chemiluminescence procedure (ECL Plus) was used to visualize protein binding using a Chemidoc MP imaging system (Biorad). The images were evaluated densitometrically using ImageJ software (1.48v).
Tracer influx tracking-At the magnifications used in this study, regions of high tracer concentration and regions of low tracer concentration are separated by sharp boundaries. The motion of these concentration fronts indicates the motion of tracer at the pial surface. Fronts were tracked using FrontTracker.m, a MATLAB function described previously (Nevins and Kelley, 2017) . The function locates fronts according to a user-defined intensity threshold, applying spatial smoothing to offset imprecision due to pixelization. The function then measures the local velocity of each front at many points along the front (one measurement per pixel) by determining the perpendicular distance over which the front advances between subsequent images. Front velocity measurements are robust to variation in user parameters, including intensity threshold, especially when fronts are sharp (Nevins and Kelley, 2017) . Though the function is capable of separating the effects of bulk flow from those of diffusion and reaction (Nevins and Kelley, 2018) , that capability is unnecessary here: front velocities described in this paper are the net result of the combined effects of bulk flow, diffusion, and reaction (though reaction probably has negligible effects over these timescales).
Statistics-For pairwise comparisons a Student's t test were used. Multiple groups were analyzed using a one-way ANOVA analysis with Dunnett tests. For two independent variables 2-way ANOVA with Tukey test was used. Probability values < 0.05 were deemed significant. For both pericyte count and AQP4 polarization a one-way ANOVA with Tukey test was used. Mean AQP4 intensity and pericyte-blood vessel association were analyzed using a Kruskal-Wallis with Dunn's Test. All values are expressed as mean ± SEM. Specific statistical tests used for each figure are available in the corresponding figure legend. Capital "N" represents number of animals. Lowercase "n" represents number of samples, with an equal number of samples from each animal and a minimum number of 3 animals used.
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Highlights
•
The glymphatic system is first developed in the hippocampus CTX, cortex; OLB, olfactory bulb; cerebellum/hindbrain (CBL/HB) refers to hindbrain in P1 and cerebellum in P7, P14, and adult mice. In P1 mice, CSF tracers are seen slowly filling up the hindbrain compartment, while virtually no tracer reached the dorsal cortex after 60 min (N = 6). In P7 mice, perivascular influx initiated both from the olfactory bulb and slowly along middle cerebral arteries (MCAs) (N = 9). At P14 and in adult mice, the mean fluorescence intensities of both tracers were similar in all three regions of interest (N = 12 and N = 5, respectively). *p < 0.05, **p < 0.01, and ***p < 0.001 (two-way ANOVA); ns, non-significant. Graphs represent mean ± SEM. CTX, cortex; HPC, hippocampus; Par, parenchyma; Ves, vessel isolation fraction; CTR Ag, control antigen. N = 6, 5, 4, and 3 for adult, P14, P7, and P1 mice, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 (two-way ANOVA with Tukey post-test). Bar graphs represent mean ± SEM. (A) Dorso-lateral view depicts the distribution patterns of CSF tracers in perivascular pathways of the MCA at mouse E17.5 and postnatal day (P) 1, P7, and P14. Ventral view shows the arterial circle of Willis and beginning of MCAs. Ventral perivascular flow along the circle of Willis is very faint at E17.5 and fully developed at P1. At P1 tracer is seen along the proximal part of the MCAs, and from P8 CSF tracer reaches dorsal cortex via the MCA perivascular space. Cortical glymphatic influx occurs starting at P7 and increases during brain maturation.
(B) Aquaporin 4 (AQP4) polarization to astrocytes' vascular endfeet increases with age. AQP4 polarization is more pronounced in the hippocampus than in the cortex at P1 and P7.
Direction of CSF influx illustrated on the sagittal drawings; dashed green arrows show compartment flow entering hippocampus, possibly due to structural opening in P1 mice and further facilitated into the hippocampal parenchyma by AQP4 in the stratum radiatum and stratum moleculare. Solid green arrows visualize the glymphatic flow of CSF tracers facilitated by perivascular AQP4 water channels. (C) Timeline represents some key developmental events in the mouse brain, with temporal orchestration shown in relation to the establishment of the glymphatic system (perivascular CSF tracer transport). Dashed lines indicate continued development at a reduced tempo, opposite to solid lines indicating an increase. CSF, cerebrospinal fluid; BBB, blood-brain barrier; HPC, hippocampus; CTX, cortex.
